abstract Phenotypic and biological characterization of rare monogenic disorders represents 1 of the most important avenues toward understanding the mechanisms of human disease. Among patients with SH3 and multiple ankyrin repeat domains 3 (SHANK3) mutations, a subset will manifest neurologic regression, psychosis, and mood disorders. However, which patients will be affected, when, and why are important unresolved questions. Authors of recent studies suggest neuronal SHANK3 expression is modulated by both inflammatory and hormonal stimuli. In this case series, we describe 4 independent clinical observations of an immunotherapy responsive phenotype of peripubertal-onset neuropsychiatric regression in 4 girls with pathogenic SHANK3 mutations. Each child exhibited a history of stable, mildto-moderate lifelong developmental disability until 12 to 14 years of age, at which time each manifested a similar, subacute-onset neurobehavioral syndrome. Symptoms included mutism, hallucinations, insomnia, inconsolable crying, obsessive-compulsive behaviors, loss of self-care, and urinary retention and/or incontinence. Symptoms were relatively refractory to antipsychotic medication but improved after immunomodulatory treatment. All 4 patients exhibited chronic relapsing courses during a period of treatment and follow-up ranging from 3 to 6 years. Two of the 4 girls recovered their premorbid level of functioning. We briefly review the scientific literature to offer a conceptual and molecular framework for understanding these clinical observations. Future clinical and translational investigations in this realm may offer insights into mechanisms and therapies bridging immune function and human behavior.
Characterization of monogenic variants represents an important avenue toward understanding human behavior and disease. Deletions or point mutations affecting SH3 and multiple ankyrin repeat domains 3 (SHANK3), which encodes a postsynaptic scaffolding protein, have been linked to autism spectrum disorder (ASD), Phelan-McDermid syndrome, and schizophrenia. [1] [2] [3] Peripubertal neurobehavioral regression, sometimes with mania and catatonia, has been reported in some patients with Phelan-McDermid syndrome, but the etiology is unknown. [4] [5] [6] Emerging literature reveals the ability of physiologic signals (eg, inflammatory stimuli, sex hormones) to regulate SHANK3 expression. [7] [8] [9] In this report, we describe 4 peripubertal girls with previously stable developmental disabilities who exhibited subacute disabling symptoms that included mutism, hallucinations, Drs Jiang and Van Haren conceptualized the case series, provided clinical information, critically reviewed the manuscript, and contributed significant intellectual content; Dr Bey contributed clinical information, drafted the initial manuscript, and led in manuscript revision and submission; Drs Gorman, Gallentine, Kohlenberg, and Frankovich collected clinical data, provided important interpretations of the data, critically reviewed the manuscript, and contributed significant intellectual content; and all authors approved the final manuscript as submitted and agree to be accountable for all aspects of the work. insomnia, inconsolable crying, diminished self-care, and urinary retention and/or incontinence. Each child was evaluated by independent teams for suspected autoimmune encephalopathy before detection of SHANK3 point mutation. The families of these patients verbally consented to inclusion in this study.
CASE 1
A 13-year-old girl had a history of mild-to-moderate developmental delay without ASD and autoimmune thyroiditis on levothyroxine. Her family history was notable for autoimmune disease in the father and brother. At 13 years, over several weeks, her symptoms progressed from irritability to audiovisual hallucinations, insomnia, compulsivity, aggression, catatonia, mutism, and urinary retention. Her symptoms were refractory to antipsychotics and benzodiazepines.
Serology and thyroid function studies prompted consideration of Hashimoto encephalopathy. At 14 years, 40 mg of oral prednisone taken daily for 2 weeks yielded no improvement, but 2 g/kg of intravenous immunoglobulin (IVIG) led to sustained improvement in language, restlessness, and agitation within 2 days. Symptoms recurred 3 weeks later prompting monthly IVIG, which demonstrated the same pattern of response. Attempts to increase treatment intervals led to symptom reemergence.
At 16 years, she continues on IVIG (1 g/kg) and methylprednisolone every 4 to 6 weeks. She has regained 2 of 6 independent activities of daily living (ADLs) from nadir and weaned off daily psychotropic agents but remains substantially below her premorbid baseline. Whole-exome sequencing was pursued for unknown etiology of lifelong developmental delay and identified a pathogenic de novo frameshift mutation in exon 21 of SHANK3.
CASE 2
A 14-year-old girl had a history of moderate intellectual disability without ASD. Her maternal grandmother had psychosis. At age 14 years, she developed 10-day episodes of mania with psychotic features coinciding with menstruation with poor response to antipsychotics. After her third event, she developed depression with catatonic features and developmental regression. Daily oral contraceptives to suppress menses, lamotrigine, and a switch from aripiprazole to olanzapine correlated with a gradual return to her neuropsychiatric baseline over 8 months. At age 15 years, she developed myoclonic jerks, athetoid, and choreiform movements. At age 16 years, she developed overnight onset of severe anxiety, compulsions, insomnia, urinary incontinence, facial tics, sobbing, and loss of self-care and academic skills. After 2 months of symptoms and an unrevealing workup, her symptoms prompted treatment of seronegative autoimmune encephalitis using 2 g/kg of IVIG, which was temporally associated with symptom resolution within 3 weeks. She was maintained on olanzapine, lamotrigine, N-acetyl cysteine, methylated B vitamins, and oral contraceptives. After 5 months, neuropsychiatric testing matched her premorbid baseline.
Two manic relapses occurred 6 months and 1 year later, both improving in conjunction with IVIG. The latter event was notable for a seizure, echolalia, and anxiety. Within 1 hour, 0.5 mg of lorazepam for suspected catatonia yielded dramatic improvement. Mania and catatonia relapsed 1 month later but resolved with daily lorazepam.
At age 18 years, she maintains all ADLs on a daily regimen of lorazepam, olanzapine, lamotrigine, oral contraceptive, N-acetyl cysteine, vitamin D, folate, omega-3 fatty acids, and monthly IVIG (1 g/kg). Whole-exome sequencing was pursued for unknown etiology of complex neuropsychiatric illness and revealed a pathogenic frameshift mutation in exon 21 of SHANK3; the inheritance of this mutation is unknown.
CASE 3
A 12-year-old girl had a history of mild intellectual disability, ASD, tics, and attention-deficit/ hyperactivity disorder. At age 12 years, 3 months after menarche, she developed abrupt onset of hyperactivity, paranoia, mutism, akathisia, audiovisual hallucinations, inconsolable screaming, and periodic staring spells. Her workup was notable for elevated antinuclear antibody and slight elevation of white blood cell count in cerebrospinal fluid. The symptoms were refractory to guanfacine and risperidone but improved with 30 mg/kg of intravenous methylprednisolone within days but reemerged over weeks. IVIG (2 g/kg) yielded significant improvement in language, social engagement, sleep, agitation, and concentration, but the effect consistently waned at approximately 3 weeks. Mycophenolate and rituximab were added. Over the next 2 years, she maintained stable premorbid language, cognition, and ADLs but relapsed within 6 months of weaning immunomodulation at 14 years, prompting reinitiation of a similar regimen. She maintained her premorbid baseline for 3 years until at age 17 years, weaning of mycophenolate was associated with neuropsychiatric decline, prompting a 3-week ICU admission with reinitiation of IVIG, rituximab, mycophenolate, high-dose lorazepam, and ultimately electroconvulsive therapy for catatonia. Within a month, she reapproximated her baseline. At 18 years, her current treatment includes monthly IVIG, mycophenolate, and rituximab for immunotherapy in addition to lorazepam, methylphenidate, trazodone, lithium, and clonidine. Whole-exome sequencing was pursued for unknown etiology of complex autoimmune encephalitis and lifelong developmental delay and identified a pathogenic de novo frameshift mutation in exon 21 of SHANK3.
CASE 4
A 13-year-old girl who had a history of mild cognitive delay and learning disabilities without ASD developed severe acute anxiety within 4 days of starting minocycline for facial acne; the medication was discontinued. One month later, she developed overnight onset of anxiety, obsessiveness, insomnia, inability to chew or swallow, aphasia, agraphia, inconsolable screaming, impulsivity, and urinary incontinence. She was diagnosed with bipolar disorder and hospitalized 6 times in the next 6 months but was poorly responsive to antipsychotics, benzodiazepines, antidepressants, or anticonvulsants. Lithium conferred a moderate, moodstabilizing effect. After 1 year of symptoms, an autoimmune evaluation was notable for elevated antinuclear and histone antibodies and low complement component 4, which led to treatment with IV methylprednisolone. Within 3 days, she manifested improved expressive language, transitioned to daily prednisone, and returned to her neuropsychiatric baseline for several months. However, symptoms recurred with steroid weaning. After transition to 2 g/kg of IVIG, mycophenolate, and rituximab, she maintained her premorbid baseline for the next 2 years despite weaning all psychiatric medications. However, when her immunosuppression was weaned off at 16 years, severe psychiatric symptoms returned. Despite reinitiating intravenous methylprednisolone, IVIG, mycophenolate, and rituximab, and a trial of plasmapheresis, her symptoms persisted. She was subsequently administered a 6-month course of cyclophosphamide and clozapine. Her symptoms began to improve only after her white blood cell counts began to fall.
At 20 years of age, she remains on rituximab and prednisone and has tolerated weaning of mycophenolate. She maintains a relatively stable baseline independent in all ADLs with intermittent "flares" of obsessivecompulsive/psychotic symptoms, often in the setting of a systemic infection; these symptoms often self-resolve after treating the infection, sometimes with the addition of steroids. Wholeexome sequencing was pursued because of unknown etiology of psychosis and revealed a pathogenic de novo frameshift mutation in exon 14 of SHANK3.
DISCUSSION
We describe 4 peripubertal girls with stable, lifelong developmental disabilities with and without comorbid ASD caused by pathogenic mutations in SHANK3 who developed a subacute stereotyped, profoundly disabling neuropsychiatric syndrome that prompted 4 independent clinical teams to initiate treatment of suspected autoimmune encephalopathy. Behavioral symptoms were chronic and/or relapsing but often improved with immunomodulatory therapies administered intermittently over several years (Table 1) . Two patients recovered to their premorbid function.
Each patient demonstrated symptom improvement typically within days of IVIG followed in some by a waning effect within the following weeks. This pattern approximates a theragnostic rule for seronegative autoimmune encephalopathies. 10 Although the short-term treatment effect was reproducible within and across cases, the degree to which immunomodulatory therapy was responsible for long-term improvements in these patients can be debated. A precise comparison is confounded by the heterogeneity of each course including fluctuating symptoms, variation in immunomodulatory and psychotropic regimens, and incomplete return to baseline in 2 individuals. Although all patients were considered relatively refractory to antidepressant and antipsychotic medications, patients reported variable responses to lorazepam, lithium, and/or hormonal contraceptives.
Experimental data offer possible molecular and conceptual mechanisms supporting the notion of immune-mediated behavioral modulation via SHANK3. At the molecular level, SHANK3 functions as a master scaffolding protein at the synapse, supporting several neurotransmitter receptors (Fig 1) . Three cases (cases 1-3) had truncating mutations in exon 21 encoding the proline-rich domain, which mediates contacts with the metabotropic glutamate receptor, and 1 (case 4) had a truncating mutation in a well-characterized PDZ domain that interfaces with N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptors. 11 Exons 14 and 21 are subject to alternative splicing and intragenic promoters, such that mutations in these regions are predicted to result in isoform-specific disruption of SHANK3 in the brain. [11] [12] [13] Autoantibodies against the synaptic proteins supported by SHANK3 scaffolding have been implicated in the onset of classic autoimmune encephalitides. 14, 15 Experimental models demonstrate neuronally mediated inflammatory signals capable of reducing SHANK3 expression even in the absence of overt neuroinflammation. 7, 8 Sex hormones modulate SHANK3 expression in a similar fashion. 9
The modulation of behavior via inflammatory signaling fits within the conceptual framework of "sickness behaviors" (Fig 1) , which constitute a diverse suite of evolutionarily conserved responses (eg, irritability, mild encephalopathy, depressed mood, diminished self-care, social withdrawal) that occurs to varying degrees within the setting of systemic illness. [16] [17] [18] Links between sickness behaviors and psychiatric disease have been widely speculated. 19 The molecular mechanisms underlying sickness behaviors have been studied in animal models, which reveal a variety of molecular pathways linking systemic inflammatory stimuli with neuronal and behavioral modulation. Genetic variants conferring a gain or loss of function of key regulatory molecules within these pathways would be expected to yield a phenotypic change in behavior conferring resilience or vulnerability to inflammation. SHANK3 perturbations, such as the putative loss of function mutations seen in these 4 cases, have been implicated in autism, schizophrenia, and bipolar disorder, all of which have been linked to immune dysregulation in genome-wide investigations, but the genetic complexity warrants further investigation because mania or autism has been seen in patients with gain and loss of function mutations, and SHANK3 has immense transcriptional complexity. 20, 21 Thus, although experimental models 7,8 and a previous case 22 have implicated SHANK3 in immune-behavior connections, the 4 cases described in this series may highlight the realworld clinical implications of this phenomenon.
Our cases, and others like them, [5] [6] [7] 22 support targeted genetic sequencing of SHANK3 in individuals with acute neuropsychiatric decline or catatonia in the context of preexisting intellectual disability, with or without comorbid ASD given the heterogeneous presentations of patients with SHANK3 mutations. The experience of these 4 patients lends support to additional diagnostic evaluations, structured clinical trials, and further laboratory work to investigate new mechanisms and therapies for acute neuropsychiatric
FIGURE 1
Sickness behavior as a hypothetical model for conceptualizing SHANK3' s interface with the immune system. SHANK3 functions as an important scaffolding protein for neurotransmitter receptors (see 1). A, In experimental models, systemic inflammatory stimuli can decrease SHANK3 expression via nuclear factor k-light-chain enhancer of activated B cells (NF-kB)-related signaling pathways (see 8). B, A variety of stereotyped behaviors occur as codified responses to nonhomeostatic physiologic states (eg, acute illness), each using unique molecular pathways to manifest adaptive, stimuli-specific behavioral responses. C, Alteration of proteins within these pathways, such as via genetic variants that confer a gain or loss of function, would be hypothesized to alter the associated behavioral response. The diverse behaviors that accompany states of acute infection, known as sickness behaviors, which include irritability, depressed mood, and social withdrawal, offer a template for conceptualizing the molecular and behavioral phenomena that may result from systemic inflammation and, conversely, be modified by its resolution (see 17) . Considered together with our case histories, the combined observations offer a reasonable hypothesis implicating SHANK3 as a candidate protein involved in 1 or more molecular pathways regulating clinically relevant sickness behaviors in humans. AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; mGluR, metabotropic glutamate receptor; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NMDAR, N-methyl-D-aspartate receptor; NP 0 , common variant of a hypothetical neurobehavioral protein; NP 1 , gain of function variant of neurobehavioral protein; NP 2 , loss of function of neurobehavioral protein; NP, neurobehavioral protein.
events in patients with SHANK3 mutations. Immunomodulatory therapy carries risks and should only be pursued in accord with existing guidelines. 10 Insights gleaned from individuals with well-characterized molecular perturbations may clarify our understanding of the neurobiological basis of human behavior and highlight new therapeutic strategies.
